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Hourly dust data was collected in Lubbock, Texas, from January 1, 2003, to January 1, 2008. Diurnal
patterns of dust concentrationwere computed by averaging hourly values associated with a given time of
day for all days within the 5-yr sampling period. Results suggest that the overall diurnal pattern is
characterized by relatively high dust concentrations during the day and relatively low values at night and
in the early morning. Diurnal patterns of blowing dust are inﬂuenced by daily variations of key climatic
factors. Generally, one ﬁnds relatively strong winds during the day and lighter winds at night. The
morning increase in wind speed is associated with the rising sun, which produces thermal instability and
enhances the mixing of high momentum winds from the upper levels of the atmosphere to the surface
layer. Solar radiation can also reduce the critical threshold by drying the soil surface. Diurnal patterns of
blowing dust were also computed separately for each of the four seasons. The most conspicuous change
of the diurnal pattern occurred in the summer where the difference between peak afternoon values and
early morning values was considerably less than that of other seasons.
Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).1. Introduction
Gravimetric sampling is an internationally accepted method for
measuring dust concentration and forms the basis for regulation of
ambient particulate matter concentrations under the U.S. Federal
Clean Air Act (USEPA, 1999). The procedure is quite simple: typi-
cally, air is pulled through a ﬁlter at a controlled rate and the mass
of collected dust is determined by comparing the mass of the ﬁlter
before and after the sample is collected. The total volume of air that
passed through the ﬁlter is then divided into the mass of collected
dust to form the dust concentration. Inmost cases, dust samples are
collected over a period of 24 h and thus represent daily averages.
Daily samples can provide valuable information about long-
term changes of ambient dust levels over periods such as years or
decades (Stout and Lee, 2003). However, the 24-hr averaging pro-
cess masks important information about short-term or diurnal
variations of dust concentration. For example, a daily sample does
not provide information regarding the magnitude of peak dust
concentrations during the day, nor does it provide information
about the time of occurrence of peak values. Yet these peak values
are important, especially with regard to health issues or hazards
associatedwith reduced visibility (Brown et al., 1935; Sidwell, 1938;
Hagen and Skidmore, 1977).access article under the CC BY licePast investigations of blowing dust have shown that there is a
tendency for dust storms to occur preferentially during the day. For
example, an investigation in India found that “hourly frequencies”
of blowing dust tend to be at a minimum in the early morning and
the frequency of occurrence increases thereafter to reach a
maximum between 16:00 and 18:00 (Sreenivasaiah and Sur, 1937).
An analysis of hourly visibility observations recorded at U.S.
weather stations showed that higher frequencies of airborne dust
occurred in the afternoon from 12:00 to 20:00, during the period of
maximum thermal instability (Orgill and Sehmel, 1976). In West
Africa, researchers found that the diurnal dust cycle produces a
reduction of visibility during daytime hours (N'Tchayi Mbourou
et al., 1997). Chaboureau et al. (2007) analyzed satellite observa-
tions and found that dust coverage over the Sahara follows a well-
deﬁned diurnal cycle, typically reaching a peak at around 15:00.
In a related study of blowing sand, Stout (2010) found a strong
tendency for the occurrence of blowing sand during the day
compared to night. Measurements of saltation activity taken in
West Texas showed that sand transport tends to occur more
frequently during daylight hours with a peak in saltation activity
occurring in the afternoon between 14:00 and 15:00. Similar re-
sults were found using similar methods by Yang et al. (2013) in
China and Gillies et al. (2013) in Antarctica. Yang et al. (2013)
showed that the diurnal pattern of blowing sand can vary with
the seasons and Gillies et al. (2013) demonstrated the importance
of latitude and shifting seasonal environmental conditions on dailynse (http://creativecommons.org/licenses/by/4.0/).
J.E. Stout / Journal of Arid Environments 122 (2015) 85e9286patterns of blowing sand, especially at high latitudes.
None of the aforementioned studies were based on actual
measurements of dust concentration; rather they were based on
observations of the frequency of blowing events or observations of
visibility provided by human weather observers or satellite imag-
ery. These indirect observations of blowing dust likely provide an
adequate surrogate for direct measurements of dust concentration
but one naturally wonders if the normal daily pattern of dust
concentration follows a similar diurnal pattern.
In the present study, attempts were made to investigate diurnal
patterns using direct measurements of ambient dust concentration
provided by a TEOM (Tapered Element Oscillating Microbalance)
sampling system. Instruments such as the TEOM can provide
valuable information regarding temporal patterns of blowing dust
over periods as short as 10 min to one hour. Since ambient dust
concentration can change rapidly, such high-frequency sampling
can provide valuable insight into the dynamic nature of dust events.
2. Physical setting
Since the goal of this experiment was to record temporal vari-
ations of dust concentration, the speciﬁc location of the sampling
site was not critical. The choice of a sampling site was made partly
out of consideration for the availability of power to run the sam-
pling system and the desire for a sampling location that would
provide a representative sample of regional dust conditions on the
high plains of the Llano Estacado.
Brieﬂy, the Llano Estacado is an elevated plain located at the
southern end of the Great Plains of North America (Cummins,1892;
Holliday,1990). Called by various names including the Staked Plains
or the Southern High Plains, this immense plateau has long been
recognized as a physiographic region that is sufﬁciently distinct
from surrounding areas to warrant separate identiﬁcation (Powell,
1895). The key distinguishing feature is its remarkably level surface
that appears to the casual observer to be absolutely ﬂat and
featureless (Fenneman, 1931). Prominent escarpments along its
outer margins help deﬁne the boundaries of this vast region (Fig. 1).
The Llano Estacado has been signiﬁcantly impacted by produc-
tion agriculture. The native grass cover that once protected this
region from frequent high winds has been replaced, for the most
part, by highly erodible cropland (Hall and Valastro, 1995). Today,
the skies above the Llano Estacado are occasionally ﬁlled with dust,
especially during the late winter and early spring (Stout, 2001).
3. Methods
A TEOM (model 1400a) sampling system was mounted on an
elevated platform on the roof of the USDA-ARS Plant Stress and
Water Conservation (PSWC) Laboratory located in the largest city
on the Llano Estacado e Lubbock, Texas (33 350 3700 N, 101 530 5200
W). Overall, the sampling inlet was 7.0 m above the surrounding
ground surface and 2.2 m above the ﬂat roof of the PSWC Labora-
tory. Dust is primarily generated in the highly erodible cropland
outside of the city limits of Lubbock and is transported across the
city by winds blowing from various directions. A portion of this
dust is blown across the PSWC Lab where dust concentration is
measured and recorded.
The TEOM is a commercially available sampling system that
measures dust concentration by continuously measuring the mass
of dust collected on a small ﬁlter. Mass is not measured using a
conventional mass balance rather it is measured by detecting the
change in natural frequency of a hollow tapered cylinder on which
the ﬁlter is mounted (Patashnick and Rupprecht, 1991).
The tapered element at the heart of the mass detection system is
essentially a hollow cylinder with thewide end of the cylinder ﬁxedwhile the narrow end is free to oscillate in response to an applied
electric ﬁeld (Patashnick and Hemenway, 1969). An exchangeable
Teﬂon-coated glass ﬁber ﬁlter is mounted at the tip of the free end
and the sample stream is drawn through this ﬁlter at a constant
ﬂow rate of 3 L per minute. As the loading on the ﬁlter changes, the
vibrational frequency of the tapered element naturally changes
providing an inertial measure of the mass of collected dust
(Patashnick et al., 2002). The mass of collected dust is measured
every two seconds and these readings are then smoothed to reduce
noise. Dust concentration is computed by dividing the collected
mass by the volume of air that passed through the ﬁlter.
Internal temperatures are controlled to minimize the effects of
changing ambient conditions. The sample stream is preheated to
50 C before entering the mass transducer so that the sample ﬁlter
always collects under conditions of low relative humidity. All
measurement, ﬂow, and temperature functions of the instrument
are controlled by a dedicated microcontroller, which is mounted
within an insulated enclosure that is maintained at a controlled
temperature.
Sampling began January 1, 2003 and extended to January 1,
2008, a period of ﬁve years. An attempt was made to obtain a
continuous record, however, the complexity of the TEOM system
and the potential for failure led to occasional gaps in the data re-
cord. Steps were taken to minimize data loss by keeping replace-
ment parts on hand so that repairs could be made rapidly. Failure of
the main sampling pumpwas the primary cause of data loss; a total
of three pumps were replaced over the course of the 5-yr sampling
period. Loss of power at the PSWC Laboratory was responsible for
other occasional shutdowns and data loss. Despite these and other
minor interruptions, data collection was fairly continuous. Overall,
the system collected data for a total period 43,825 h of which data
was lost for only 327 h; thus, hourly values were obtained suc-
cessfully for 99.3% of the time.
In addition to the collection of hourly dust data, hourly meteo-
rological data was collected in an open ﬁeld immediately to the
west of the PSWC Lab. Here a 10-m meteorological tower was
equipped with an array of sensors capable of measuring rainfall,
relative humidity, air temperature, soil temperature, solar radia-
tion, wind speed and direction. Wind speed was measured at two
heights with fast-responding propeller-type anemometers moun-
ted at 2 m and 10 m. Rainfall was measured with a tipping-bucket
rain gauge with a resolution of 0.1 mm per tip. Air temperature,
relative humidity and solar radiation sensors were mounted at a
height of 2 m above the mowed native grass surface that surrounds
the tower. All meteorological variables were sampled each second
and averaged hourly.
4. Results and discussion
The ﬁnal raw data set consists of ﬁve years of hourly dust con-
centration values along with a ﬁve-year record of hourly meteo-
rological measurements. Combined, these data provide a fairly
detailed record of dust concentration and associated climatic con-
ditions from January 1, 2003, to January 1, 2008.
An annual summary of climatic conditions and dust levels is
presented in Table 1. For each calendar year, approximately 8760
hourly values were averaged to obtain a single annual average value
of dust concentration. Similarly, annual values of climatic factors
such as wind speed, relative humidity, and rainfall were computed
for each of the ﬁve years. These results suggest that 2003 had the
overall highest annual dust concentration of 78 mg/m3 whereas the
second highest annual average of 54 mg/m3 was measured in 2006.
The lowest annual dust concentration of 41 mg/m3 was measured in
2007. Overall annual dust concentration values remained within a
range of 41e78 mg/m3, which is only slightly higher than the range
Fig. 1. Map of the Llano Estacado showing its location in western Texas and eastern New Mexico. The TEOM sampling system was located on the roof of the USDA-ARS Plant Stress
and Water Conservation Laboratory in Lubbock, Texas (33 350 3700 N, 101 530 5200 W).
Table 1
Annual summary of dust concentration, wind speed, rainfall, and relative humidity.
Year Dust concentration mg/m3 Wind speed m/s Rainfall mm RH %
2003 78 4.7 210 48
2004 48 4.5 683 59
2005 45 4.3 327 55
2006 54 4.7 350 48
2007 41 4.4 573 61
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tional gravimetric sampling techniques (Stout and Lee, 2003).
Typically, those years that suffered dry conditions with high
wind speeds experienced higher annual dust concentrations. For
example, 2003 and 2006, the two years with the highest annual
dust concentrations, also had the highest annual-average wind
speeds and the lowest annual-average relative humidity values.
These two years were also both exceptionally dry with annual
rainfall well below the normal average of 470 mm per year (NCDC,
2014).
Daily values of dust concentration are plotted as a time series in
Fig. 2. Daily values were computed by taking the average of 24
hourly values measured each day. Each of the ﬁve annual plots
contain 365 daily values plotted for each year using the same ver-
tical scale so that one can visually compare dust conditions from
one year to the next.
A careful inspection of the time series (Fig. 2) reveals that
ambient dust concentration on the Llano Estacado is highly variableand is best characterized as one of normally low background con-
centrations punctuated by occasional extreme values, typically
associated with regional dust storms. Throughout the 5-year record
one observes numerous periods of high dust concentration asso-
ciated with dust events that begin when wind speed ﬁrst exceeds
the critical threshold of the most vulnerable surfaces within the
region. Typically, the most vulnerable surfaces are badly managed
cropland as well as construction sites and unpaved roadways
(Laprade, 1957). As wind speed increases, additional exposed sur-
faces become active and begin emitting dust (Kessler et al., 1978).
As winds become more extreme, the entire region may explode
with activity as dust levels rise dramatically, resulting in a major
regional dust event (Lee et al., 2012).4.1. Analysis of hourly values
The peak hourly dust concentration measured during the 5-year
sampling period was 13,984 mg/m3, a value that is nearly an order of
Fig. 2. Time-series plot of daily dust concentration measured at the PSWC site from January 1, 2003 to January 1, 2008. Each of the ﬁve years is plotted separately using the same
vertical scale.
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1936 mg/m3. This peak value occurred one hour before noon on
February 24, 2007. The second highest hourly value of 12,329 mg/m3
occurred one hour after noon on December 15, 2003.
Such high values of hourly dust concentration are quite rare
(Table 2). Over the entire ﬁve-year sampling period, there was only
one hourly value that exceeded 13,000 mg/m3, and only two values
greater than 11,000 mg/m3. If one considers the overall distribution
of hourly observations (Fig. 3) one ﬁnds that the distribution is
positively skewedwith amode of 18 mg/m3, amedian concentration
of 28 mg/m3, and a mean concentration of 55 mg/m3. Around 77% of
all hourly observations were belowa concentration of 50 mg/m3 and
nearly 95% of all observations were below 100 mg/m3. Thus, the
peak hourly concentrations of 13,984 and 12,329 mg/m3 contrast
sharply with the 5-yr mode, median, and mean concentrations. The
highest peak concentration of 13,984 mg/m3 was more than 254
times the 5-yr mean, nearly 500 times themedian value, and nearly
777 times greater than the mode of the distribution. Clearly, these
peak values extend well above the normally low ambient dustlevels.4.2. Diurnal patterns of dust concentration
To quantitatively establish diurnal patterns, hourly values were
averaged separately for a given “time of day” for all days within the
5-yr sampling period. For example, if we choose the one-hour
period from 13:00 to 14:00 as the “time of day” then we simply
average all dust values that were recorded during this one-hour
period for every day of the 5-yr sampling period. The same pro-
cedure is repeated for the other hourly periods and the results of
this analysis are shown in Fig. 4, where average values of dust
concentration are plotted as a function of time of day.
The overall diurnal pattern follows a cyclical pattern with rela-
tively high levels of dust concentration during daylight hours and
relatively low values at night and early morning. More speciﬁcally,
the lowest values of hourly dust concentration tend to be associated
with the earlymorning period between 04:00 and 06:00. Following
the early morning low point, there is a general rise in dust
Table 2
Number of hourly dust concentration values greater than the nominal value for 2003e2007.
Nominal hourly dust concentration mg/m3 Number of hourly values greater than nominal value e
13,000 1
11,000 2
9000 6
7000 9
6000 11
5000 14
4000 15
3000 24
2000 51
1000 164
500 400
400 553
300 807
200 1337
100 3372
50 9902
25 24,179
Fig. 3. Histogram of measured hourly dust concentration values. Note that the author has chosen to present only a limited range of data. Less than 2% of hourly dust concentration
values are greater than 300 mg/m3.
J.E. Stout / Journal of Arid Environments 122 (2015) 85e92 89concentration as the sun rises, reaching a peak in the early after-
noon around 14:00. Relatively high dust levels are typically main-
tained from around 11:00 to around 16:00 followed by a decline of
dust concentration with the setting of the sun, eventually reaching
a low point in the early morning.
Diurnal patterns of blowing dust are inﬂuenced by diurnal
variations of key climatic factors. As discussed earlier, climatic
factors measured during this study include wind speed, solar ra-
diation, and relative humidity. To deﬁne diurnal patterns of key
climatic factors, all of the measured hourly values were averaged
for a given time of day in much the same way that dust concen-
tration was averaged. That is to say that all values associated with a
speciﬁc time of day were averaged over the full 5-yr sampling
period.
The diurnal pattern of blowing dust appears to follow a pattern
that is roughly similar to the diurnal pattern of wind speed (Fig. 4).
Generally, we ﬁnd relatively strong winds during the day and
lighter winds at night. The morning increase in wind speed,
beginning around 07:00, is associated with the rising sun and the
resulting rise in incoming solar radiation (Fig. 4). Solar radiation
produces thermal instability and enhances the mixing of highmomentum winds from the upper levels of the atmosphere to the
surface layer.
The rising sun and the resulting increase in incoming solar ra-
diation can also have a signiﬁcant inﬂuence on the critical
threshold of a regional surface. Due to early morning surface
moisture or dew, a potentially erodible surface may have a slightly
higher threshold in the morning (Stout, 2007). The rising sun can
quickly dry the uppermost layer of soil and thereby reduce
threshold velocity. It was not possible to directly measure soil
surface moisture during this study; however, measurements of
relative humidity suggest higher levels of surface moisture in the
morning (Fig. 4). Relative humidity typically peaks from 06:00 to
08:00, which would indicate the possibility of above average soil
surface moisture. As the sun rises, relative humidity decreases, the
surface is dried by solar radiation, threshold is reduced, and this
allows the surface to respond more directly to wind forcing.
Overall, the period of peak dust concentration, which occurs
from around 14:00 to 16:00, is associated with a period of favorable
conditions for aeolian deﬂation. In this afternoon period, wind
speed is at a maximum, relative humidity is at a minimum, and
solar radiation has peaked allowing ample opportunity for the
Fig. 4. Diurnal distributions of hourly dust concentration, relative humidity, wind speed, and solar radiation measured over the 5-yr sampling period (2003e2007).
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4.3. Seasonal changes of diurnal patterns
It is well known that the wind regime on the Llano Estacado of
North America varies with the seasons (Carlisle and Marrs, 1982;
Bomar, 1983). Seasonal shifts of the prevailing wind direction and
shifts of wind speed along with associated shifts of other climatic
variables can inﬂuence diurnal patterns of blowing dust.
An attempt was made to quantify seasonal changes of diurnal
patterns of dust concentration through a process similar to that
discussed earlier. First, each hourly observationwas associatedwith
one of the four seasons based upon the precise timing of the sea-
sons as deﬁned by the United States Naval Observatory (USNO,
2015). Then values were sorted by season, forming four seasonal
subgroups that could be analyzed separately. The diurnal patterns
of dust concentration were then computed separately for each of
the four seasonal subgroups by averaging hourly values separately
for a given time of day. The results of this analysis provide season
speciﬁc diurnal patterns of blowing dust (Fig. 5).
Overall, most of the seasonal diurnal distributions follow similar
patterns with larger dust levels during the day and relatively low
dust levels at night and early morning. A close inspection, however,
reveals subtle but important seasonal differences.
The most conspicuous change of the diurnal pattern occurs
during the summer. Whereas winter, spring and fall show distinct
diurnal patterns with signiﬁcant differences in daytime and early
morning concentrations, the summer diurnal pattern is much
ﬂatter. The difference between peak afternoon values and early
morning values during the summer is only around 40 mg/m3
whereas during the winter, spring, and fall seasons differencesbetween the peak and trough values are typically from 70 to 80 mg/
m3. The fact that there is a less signiﬁcant diurnal variation of dust
concentration is likely associated with a general lack of major dust
storms during the summer (Stout, 2001). As a result the ambient
dust concentration tends to hover around the mean concentration
during the summer months.
If one considers the peaks of the seasonal diurnal distributions
one ﬁnds that peak values also tend to shift with the seasons.
During the winter there is a prominent peak at 14:00. Spring and
summer peaks shift to 16:00 and the overall distributions are
broader. In the fall the distribution is more peaked and the peak of
the distribution shifts back to 13:00.
Another interesting ﬁnding is that diurnal patterns appear to
change with the seasons as days become longer or shorter. In the
northern hemisphere, the shortest day of the year occurs during the
winter solstice, which normally occurs either December 21 or 22,
whereas the longest day corresponds to the summer solstice, which
occurs either June 20 or 21. According to the US Naval Observatory,
the shortest day in Lubbock is around 9 h and 55 min and the
longest day can extend to 14 h and 23 min. Based on the computed
seasonal distributions one ﬁnds that during the winter the average
hourly concentration remains above 50 mg/m3 for around 10 h
during the winter and from 14 to 15 h during the summer. Clearly,
the diurnal patterns of blowing dust are linked to seasonal changes
of the length of day and associated changes of diurnal patterns of
solar radiation.
5. Conclusions
Using a TEOM sampling system, hourly dust data was collected
in Lubbock, Texas, from January 1, 2003, to January 1, 2008. Over
Fig. 5. Seasonal patterns of hourly dust concentration for winter, spring, summer, and fall. The U.S. Naval Observatory deﬁnes the seasons according to the timing of the Earth's
equinoxes and solstices. The vernal and autumnal equinoxes mark the beginning of spring and fall, and the summer and winter solstices mark the beginning of summer and winter.
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78 mg/m3 in 2003 and the lowest annual concentration was 41 mg/
m3 measured in 2007. This range of values measured with the
TEOM agrees well with the range of annual values obtained in the
same region using more conventional gravimetric sampling
techniques.
A visual inspection of the daily time series suggests that ambient
dust concentration on the Llano Estacado is normally low but oc-
casionally punctuated with extreme values associated with dust
storms. This conclusion is further supported by an analysis of
measured hourly dust concentration values. The overall distribu-
tion of hourly observations is positively skewed with a mode of
18 mg/m3, amedian of 28 mg/m3, and amean concentration of 55 mg/
m3.
Diurnal patterns of dust concentration were computed by
separately averaging hourly values for a given “time of day” for all
days within the 5-yr sampling period. The results of this analysis
reveal that the overall diurnal distribution follows a cyclical pattern
with relatively high levels of dust concentration during daylight
hours and relatively low values at night and in the early morning.
The lowest values of hourly dust concentration tend to be associ-
ated with the early morning period between 04:00 and 06:00.
Following the early morning low point, there is a general rise in
dust concentration as the sun rises, reaching a peak in the after-
noon around 14:00. Relatively high dust levels are maintained from
around 11:00 to around 16:00 followed by a decline of dust con-
centration in the evening, eventually reaching a low point in the
early morning at 05:00.
Diurnal patterns of blowing dust are inﬂuenced by diurnal
variations of key climatic factors. Generally, we ﬁnd relatively
strong winds during the day and lighter winds at night and in the
early morning. The morning increase in wind speed is associated
with the rising sun and the resulting rise in incoming solarradiation. Solar radiation produces thermal instability and en-
hances the mixing of high momentumwinds from the upper levels
of the atmosphere to the surface layer. Solar radiation can also
reduce the critical threshold by drying the surface and reducing
relative humidity.
Diurnal patterns of blowing dust were also calculated for each of
the four seasons. These seasonal distributions were found to follow
similar patterns with larger dust levels during the day and rela-
tively low dust levels at night and early morning. However, a close
inspection of the seasonal distributions revealed important differ-
ences. The most conspicuous change of the diurnal pattern
occurred in the summer where the difference between peak af-
ternoon values and early morning values was considerably less
than that of other seasons. The fact that there is a less signiﬁcant
diurnal variation of dust concentration in the summer suggests that
this season lacks major dust storms so that the ambient dust con-
centration tends to hover near the mean concentration during the
summer months.
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